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ABSTRACTI
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Salt marshes provide a buffer between the terrestrial laodscupe ami estuarie.'i and may be miportaiit in
preventing the movement nf land-derived nutrients into coastal waters. We examined the response of S.
patens in the field to additions of dissolved inorganic nitmgen (N) and phosphorus (P) and found significant
(p < 0.05) punitive N effects on aboveground biomass, leaf chlorophyll. ti,ssue nutrient concentrations, and
induction of fluorescence kinetics of chlorophyll a. Mean endomycorrhizal ciilonization among treatments
was 22'S, and fungal colonization ranged from 2'^ to 61"^ in the plots. We found no significant effect of N
or P on endomycorrhizal colonization, but there was a significant inverse relationship (r = -0,66, p =
G,M5) between thi> belowground biomass and fungal colonization. This study showed that .S", pnienn could
sequester 44-100'^ of the added N and H2-|[H)'K of the added P in its leaves, roots, and rhizomes. However,
it is unclear how long-term nutrient overenrichment and the resulting changes in the S. pofras-microhe-
sediment system might alter tho marsh buffering capacity.

ADD[TIONAI. enchimyvvrhism: /}h(iliinvnlhrsix. /liinrptrenre, performiince

INTRODUCTION

With escalating human activities in coastal wa-
tersheds, land-derived nutrient loads to salt
marshes are increasing {MCKINNEY et ai. 2001;
MORRIS and BRADLEY, 1999; VAI.IKLA et al, 1997,
2000). Some studies have demonstrated the im-
portance of tidal fringing marshes, those located
between the uplands and estuaries, in intercepting
and transforming groundwater nitrate hefore it
enters coastal waters (TOBIA.S et al., 2001a-c),
Most tidal salt marsh studies have demonstrated
that Spartina is nitrogen (N) limited (e.g., SULLI-
VAN and DAIRKR, 1974; VAUELA, TEAL, and SASS,
1975), although phosphorus (P) limitation can oc-
cur secondarily (SUNDAREKHWAH et ai, 2003; VAN
WijNEN and BARKER, 1999), The effects of elevat-
ed nutrients on Spartina patens, the high-marsh-
dominant plant in many tidal marshes, have been
less studied than such effects on the low-marsh-
dominant plant, Spartina alterniflora. In contrast
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with the positive effect of elevated nutrients on the
aboveground and rhizome biomass, one study sug-
gested an inhibitory effect of nutrients on the root
biomass of S. patens (VALIELA, TEAL, and PERS-

soN, 1976).
Spartina patens harbors fungal symbionts,

called vesicular arbuscular mycorrhizae, in its
roots (CooKE, BUTLER, and MADOLE, 1993). En-
domycorrhizal fungi in terrestial systems have
heen shown to facilitate the acquisition of P and N
in soils as well as increase photosynthesis and pro-
ductivity (ALLEN, 1991; SMITH and READ, 1997).
Spartina patens in a natural stand was shown to
have greater endomycorrhizal colonization and
plant growth than a stand in a restored site
(CooKE and LEFOR, 1990). It has been proposed
that the fungal symhionts of S. patens facilitate P
uptake and also stimulate heterotrophic N fixation
in the sediments hy promoting root exudation of
labile organics to the rhizosphere (BURKE, 2001;
BURKE, HAMERLYNC^K, and HAHN, 2002). There-
fore, in the usually N-limited environment of the
salt marsh, the endomycorrhizal S. patens would
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have the advantage of harhoring a symbiont that
directly facilitates P uptake by roots and indirectly
promotes increased N availability Ivia N fixation)
to roots. Our study is the first to examine the effect
of inorganic nutrient additions on the endomycor-
rhizal colonization of S. patens roots under natural
conditions.

The effect of elevated nutrients on the photosyn-
thetic performance of S. patens is not well studied,
but some physiological responses to nitrogen
stress have been reported for Spartina species
(EwiNG et al, 1995, 1997; MORRIS, 1982). Physi-
ological indicators have been used to detect the re-
sponse of terrestrial crop plants to nutrient stress
for decades. Furthermore, the use of physiological
indicators to detect stress in S. patens due to sa-
linity changes or toxicant exposure has been in-
vestigated (EwiNG et al, 1995, 1997; MENDELS-
SOHN, MCKI':E, and KONG, 2001).

Here, we report fluorescence induction kinetics,
photosynthetic rates, and chlorophyll concentra-
tions for nutrient-treated and control plots in a S.
patens marsh located in the Narragansett Bay Na-
tional Estuarine Research Reserve, Rhode Island.
In addition, above- and heiowground hiomass, per-
cent N and P in plant tissues, shoot density and
length, and the extent of endomycorrhizal coloni-
zation are measured among treatments. We ex-
pected that N additions would increase photosyn-
thetic performance and aboveground hiomass, but
would inhibit heiowground biomass. Second, we
hypothesized that the addition of P would have an
adverse effect on the endomycorrhizal colonization
because fungal symbionts usually facilitate P up-
take. Under elevated P conditions, mycorrhizal S.
patens would no longer be dependent on the fungal
symbionts for P acquisition. Furthermore, we ex-
pected that P additions might have an adverse ef-
fect on photosynthetic performance due to the dis-
ruption of the endomycorrhizal relationship and
its influence on N acquisition. Finally, we discuss
the S. ptrton.s-microbe-sediment system as a sink
for elevated nutrients.

METHODS

Study Site

The study site was located in a S. patens marsh
in the Nags Creek area (41''37.546' N, 71°19.223'
W) in the Narragansett Bay National Estuarine
Research Reserve on Prudence Island, Rhode Is-
land (Figure 1). Sixteen 1-m- plots were randomly
located in vegetated patches at least 3 m apart.

and a 2 X 2 factorial design was employed with N
and P as the treatments {n = 4 plots per treat-
ment). Dissolved Ca(N0:,).2 and P^O., were sprin-
kled during low tide on the sediment surface twice
per month for the growing season, May-August,
but monthly thereafter. Fertilizer application
rates were 2 g N/m^ and 0.2 g P/m'̂  with a total
addition of 80 g N/m^ and 8 g P/m- for the entire
experiment, which ran from mid-May 2000 to ear-
ly Septemher 2002. On an annual basis, the nu-
trient load was 32.0 g N/mVy and 3.2 g P/m7y.

Shoot Density, Length, Biomass, and Tissue
Nutrients

Using nondestructive measures, the shoot den-
sity and length were measured in late July 2001
and in early September 2002. Live S. patens shoots
in a 0.1-m^ quadrat were counted in the field to
determine density, and the length of 10 randomly
selected shoots was recorded to determine mean
height. In September (2002) during peak biomass,
the aboveground biomass was harvested in the
quadrat, and live and dead shoots were dried to a
constant weight at 60"C. Annual aboveground pro-
duction was estimated as the mass of the live
shoots plus standing dead. Belowground hiomass
was also sampled in early Septemher 2002 by tak-
ing a sediment core (4,6-cm diameter, 10-cm
length). Most of the roots and rhizomes ofS. patens
are in the top 5 cm (VALIELA, TEAL, and PERSSON,
19761; therefore, a sample to a depth of 10 cm
should yield most of the belowground hiomass.
Root and rhizomes were separated from the soil
using a hydropneumatic root washer (Giliison's
Variety Fabrication, Inc., MI) and oven dried to a
constant weight at 60°C to estimate heiowground
biomass and annual belowground production.
Roots and rhizomes that appeared living and were
not decomposed were included as the current
year's growth. Herhivory, leaf loss, and decompo-
sition processes were not accounted for in the es-
timates of annual above- and belowground produc-
tion.

Dried shoots and the heiowground fraction
were ground using a Wiley Mill and analyzed for
total N and carhon (Cl content on a Carlo Erba
NA 1500 NCS elemental analyzer. Standard
methods (CHAMBERS and FOURQUREAN, 1991;
PARSONS. MATTA. and LALLI, 1984) for the deter-
mination of P in the plant tissues were used, in
which the dried, ground plant tissue was ashed
at 450^C, then digested in 0.2 N HCL at 60T, and
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Nag Creek

Figure 1. Location of the nutrient addition experiment at Nag Creek (4I°37.546' N, 7]°19,223' W). part of the Narragansett
Bay National Estuarine Research Reserve. Rhode Island.
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Figure 2. Sample fluorescence transient for Spartina pa-
tens. Data exprcs.sed as normatii^ed relative fiuorescence. See
text for explanation of 0, J, I and P steps.

the supernatant analyzed for P using the molyb-
date blue method. Plant tissue-nutrient concen-
trations were used to calculate molar N:P, C:N,
and C:P ratios.

Leaf Physiological Metrics

To assess the physiological status of the plants,
we measured the light-harvesting efficiency of
photosystem II (PSII) reaction centers with a
Plant Efficiency Analyzer (Hanzateck, UK). All
fluorescence measurements were made with 2 s of
excitation light, ahout 3,000 p.mol/m /̂s of red light
(peak at 660 nm). on clusters of ahout six young
leaves while still attached to the plant. In early
August 2001, small sediment cores (cut-off 60-ml
syringes) with plants intact were taken from the
field and fluorescence of the S. patens leaves was
measured in the laboratory. In mid-June 2002, the
fluorescence measurements were made in the
field. All measurements were performed on leaves
that had been dark adapted for at least 20 min.

A healthy, dark-adapted plant exposed to satu-
rating light contains fluorescence levels ranging
hetween F,, (the minimum) and F^ 'the maxi-
mum). The course of induced fluorescence is re-
ferred to as an 0-J-I-P transient (STRASSKR and
STRASSER, 1995; STHASSER, SRIVASTAVA, and
GoNViNDGEE, 1995; STRASSBR, SRIVISTAVA, and
TSMILLI-MK;HAKI,, 2000) iFigure 2). Steps (i.e., 0 -
J, J-I, and I-P) are believed to result at least part-
ly from heterogeneous PSII reaction centers. The
0-J step represents reaction centers that cannot
reduce quinone-B (Qg), and the J-I and I-P steps
represent groups of reaction centers that reduce

QH quickly and more slowly, respectively (LEB-
KEUCHERê  ai, 1999). We use this explanation for
the steps in the fluorescence transient to derive
relative pools of non-(Q|,l-reducing (0-J step), fast
(Q,j)-reducing (J-I step), and slow (Qfj)-reducing
(I-P step) reaction centers in the leaves.

The following fluorescence data were used for
subsequent calculations for the derivation of the
photosynthetic metrics: (1) the fluorescence value
at 50 |xs, considered as F,, when all reaction cen-
ters of PSII are open; (2) the maximum fluores-
cence value, F,̂ , assuming that the level of exci-
tation light was high enough to close all the reac-
tion centers; (3) the fluorescence values at 300 jis
(F;joo), 2 ms (J point), denoted as F.,, and 30 ms (I
point) (Figure 2).

Besides the standard Fv/F^ calculation (where
Fy ^ FM - FQ) for estimating the maximum quan-
tum efficiency, a fluorescence performance index
for assessing plant vitality was calculated (Sm-
VASTAVA et at., 1999). The performance index is
the ratio of expressions for photosynthetic activity
to expressions for absorbed energy lost in electron
transport (CLARK et al, 20001. The equation for
the performance index is

where PI/̂ us is the performance index per unit of
energy absorbed, M,, is the slope at the origin of
the relative variable fluorescence [4(F-ii,,, - F,,)/(F,̂ ,
- FQ)1, and V, is the relative variable fluorescence
at point J (Figure 2) [{F,, - F,,)AFM - F,,)!. This
index refers to the relative performance of photo-
chemical events.

As an indicator of the photosynthetic rate, the
uptake rate of CO^ was measured using a portahle,
flow-through infrared gas analyzer-IRGA (model
LCA4; ADC Bioscientiflc, UK). Light was ambient
sunlight and was measured simultaneously using
the light sensor attached to the leaf chamber of the
IRGA unit. Measurements were made midmorning
to minimize effects from photoinhibition. All CO^
rates were normalized to grams dry weight (gdw)
of plant tissue within the leaf chamber (0.1-0.2 g
dry wt) and are expressed as nmol COVgdw/s.

In early September 2000, at the end of the first
growing season of the experiment, leaves for chlo-
rophyll a and b analyses were collected from each
of the 16 plots. In early August 2001 and mid-June
2002, the same time as the measurement of leaf
fluorescence, leaves for chlorophyll a and b anal-
yses were again collected, wrapped in aluminum
foil, and stored on ice until frozen (—SÔ C) upon
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return to the laboratory. Only the green parts of
the leaves were used to measure chlorophyll a and
h using cold acetone extraction and sonication
(PARSONS, MAITA, and LALI.I, 1984). The green
leaves were cut into 1-2 mm sections and ground
fine with a mortar and pestle. HPLC (high-perfor-
mance liquid chromatography) was used to mea-
sure the pigments using Millennium 32 chroma-
tography manager software.

Endomycorrhizal Colonization and Sugar Content
of the Roots

In early August 2001, one vegetated sediment
core 14.6-cm diameter, 10-cm length) from each
plot was collected, extruded, and washed as de-
scribed earlier for the determination of the below-
ground biomass. One subsample of live roots was
stored in BS'/t ethanol for later determination of
glucose and sucrose using a standard ethanol ex-
traction and normal-phase HPLC with a refractive
index detector (RtcHMOND et al., 1981). A second
subsample of the live roots was preserved in a for-
maiin-ethyl alcohol-acetic acid solution for histo-
logical analyses of endomycorrhizae (PHILLIPS and
HAYMAN, 1970). Roots were cut into 2-cm seg-
ments, heated in 10'̂  KOH, acidified, and stained
with trypan blue as described by standard meth-
ods (GiANiNAZZi and GIANINAZZI-PKARSON, 1992;
PHILLIPS and HAYMAN, 1970). At least 50 seg-
ments for each plot were examined with light mi-
croscopy, and endomycorrhizal colonization was
recorded as present in the root segment, if fungal
vesicles and/or arhuscules were observed.

Statistical Analyses

To test for the main effects of N, P, and for N X
P interactions, two-way analysis of variance (AN-
OVA) was used. Pearson correlation analyses were
used to test for relationships of endomycorrhizal
colonization with the biomass metrics as well as to
test for relationships of plant performance (PIABH)
with leaf chlorophyll and plant biomass. Signifi-
cance is reported as p < 0.05.

RESULTS

There was a significant nitrogen effect on the
total aboveground biomass, the range of which was
584-1,009 g/mVy (Figure 3A, Table 1). but there
was no significant N or P effect on the below-
ground biomass (Figure 3B). The belowground bio-
mass, which was in the range 4,783-6,961 g/m /̂y.
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(Alive + Dead Shoots)
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(Roots and Rhizomes)
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+P -P

+ N -N

Figure 3. (Al Above- and (B) belowground biomass (mean
± SEl of the fertilized treatments and control group mea-
sured in early Septf?mber 2002. ('*p < 0.05; SE = standard
error of the mean.)

accounted for 83-91'^ of the total biomass. Al-
though there was no significant difference in root
glucose and sucrose storage among the treatments
because of high variability among plots within a
treatment, on average, there appeared to be less
sugars stored in the roots of the fertilized plots
than in the controls (Table 1). There was a positive
N effect on shoot lengths, with significantly great-
er shoot lengths in July 2001 and a trend (p -
0.06) of increased shoot lengths in early September
2002. There was no significant effect of N on shoot
density (Table 11.

The N additions had a significant positive effect
on the plant performance index (PIAHS' i" both Au-
gust 2001 and June 2002 (Table 2, Figure 4). Al-
though not statistically significant, a trend 'p —
0.09) of reduced PIAHS in the P treatments was ob-
served in June 2002, which was supported by a
negative P effect {p = 0.06) on the relative fraction
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Figure 4. Measures (mean ± SEl of the leaf performance
index IPI^K-' ^^ the fertilized treatments and the control
group in mid-June 2002. PIAHS is the ratio of expressions for
photosynthetic activity to expressions for ahsorbed energy
lost in electron transport. I* p < 0.05; SE = standard error
of the mean. I

of the slow (Q|,)-reducing reaction centers. In con-
trast, there was a significant positive N effect on
both the slow and fast (Qjil-reducing reaction cen-
ters (Table 2). As a consequence of the relative in-
crease in the slow and fast (Q[,)-reducing reaction
centers in the N-treated plots, the fraction of re-
action centers not able to transport electrons be-
yond quinone A {i.e., the non-CQ^J-reducing reac-
tion centers) was significantly smaller in the +N
treatments (Table 2).

There was a significant positive N effect on chlo-
rophyll (I and b in mid-June 2002 (Figure 5A, B;
Table 2). However, there was no significant N or
P effect on chlorophyll a in the late summers of
2000 and 2001. Using the 2002 chlorophyll data,
we found significant positive relationships of PÎ ^̂ ^
with the leaf chlorophyll (r = 0.75, p - 0.0009)
and with aboveground biomass (Figure 6). There
was no significant effect of N or P on the FV/FM
ratio or photosynthetic rate as measured by CO^
uptake per gram leaf tissue (Table 2). However, if
pbotosyntbesis is described on a plot basis, there
is a significant N effect because of the significant
positive N effect on the aboveground biomass.

Although we found no significant eifect of N or
P on the endomycorrhizal fungi in the roots (Table
1), there was a significant inverse relationship Ir
- -0.66, p = 0.005) between the (log-transformed)
belowground biomass and percent endomycorrhi-
zal colonization (Figure 7). Among the three
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Figure 5. Leaf chlorophyll (mean ± SEl sampled in mid-
June 2002 from the fertilized treatments and the control
group; lA) chlorophyll a; and IB) chlorophyll b. t*p < 0.05;
SE = .standard error of the mean.)

fertilized treatments, there was high variability in
the endomycorrhizal colonization among plots, hut
noticeably less variability in the fungal coloniza-
tion in the control plots (Table 1). Mean endomy-
corrhizal colonization among the treatments was
22%, and fungal colonization ranged from 2% to
61% in the experimental plots.

The N-treated plots bad a significantly positive
effect on the 7cN in the leaves and belowground
fraction, but a significantly negative effect on the
%P in the leaves (Table 3). The molar N:P ratios
in the leaves were low (<11) for all treatments,
and there was a significant ip < 0.05) negative
effect of P and positive effect of N on the N:P ratios
(Figure 8A, Table 4). There was no significant P
effect on the N:P ratio in the belowground fraction
(Figure 8B, Table 4).

The molar C:N ratios of tbe live and standing
dead leaves and the belowground fraction were
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Figure 6. The relationship between the total ahoveground
biomass and plant performance measured as PI,us 'see the
text for a detailed description of PIfl,,sl.

significantly reduced in tbe N-treated plots (Table
4). The addition of N had a significant positive ef-
fect on the molar C;P ratios in the aboveground
plant fraction, whereas in tbe P-treated plots, the
C:P ratio was significantly reduced (Table 4).
There was no significant effect of N or P on the C:
P ratios of the standing dead leaves or the below-
ground plant fractions (Table 4). Generally, the C:
N ratios were greater in the standing dead leaves
than the live leaves or belowground fraction. Tbe
C:P ratios were lowest in the live leaves and of
similar magnitude in the standing dead leaves and
the belowground fraction (Table 4).

The sum of the above- and beiowground plant
sequestration of N and P was in the range 62-101
g N/m^ and 8-16 g P/m- among tbe fertilized treat-
ments and control. Subtracting the mean control
levels of sequestered nutrients from the fertilized
treatments, we estimated tbe total excess nutri-
ents sequestered in the plants in the fertilized
plots (Table 5). These estimates of excess nutrients
sequestered in tbe plants accounted for 44-100%
of added N and 82-100';f of added P (Table 6).
Most of the excess nutrients were sequestered in
the belowground biomass of the plants; 84-89*^ N
for the N-treated plants and 76-79% P for the P-
treated plants (Table 5).

DISCUSSION

As expected, N fertilization resulted in signifi-
cantly increased aboveground biomass and plant
performance as measured by PlAr.s- The above- and
belowground S. patens biomass estimates were
similar to those found by VALIELA, TP:AL, and

ouyo -
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-^ 21)".. -

0 % •
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r = -0.66
p = 0.005

*

* * ^^ '̂̂ ^""^

• ^^^^.^^

Belowground biomass (luj; 10 ydw m ' )

Figure 7. The relationship between endomycorrhizal colo-
nization and total belowground biomass.

PERSSON (1976) in a Massachusetts marsh. Our
data suggest that, to detect measurable changes in
growth and photosyntbetic performance in S. pat-
ens, it may take about 1 year ie.g., PI^us ̂ nd above-
ground biomass), while for some less sensitive
metrics (e.̂ .̂, chlorophyll a and 6, helowground bio-
mass, and shoot density), it may take 2 years or
more to detect a measurable response to fertiliza-
tion under field conditions. The performance index
'Pl.̂ ifs' 3"^ its associated fractions of non-(Qj,)-re-
ducing and fast and slow iQ,,l-reducing PSII re-
actions centers were sensitive to sublethal nutri-
ent stress. PIARS correlated highly with chlorophyll
a and total aboveground hiomass. This is expected
because tbere would be a relationship between
chlorophyll a concentration and the number of
PSII reaction centers in otherwise healthy plants.
Additionally, the correlation between PIAB,S and
chlorophyll a suggests that the former could be a
good, nondestructive indicator of photosyntbetic
performance and may even be more sensitive to
nutrient stress than chloropbyll a concentration
because differences in PIAUS between fertilized
treatments and the control were found after 1
year. Furthermore, plant performance as mea-
sured by PIABS iTiay be a more sensitive indicator
of nutrient stress than either Fy/F^ or leaf photo-
synthesis because only Plaits was significantly af-
fected by nutrient addition during tbe extent of
this experiment. This is probably because F /̂F ,̂
only takes into account the minimum and the max-
imum fluorescence, while PIAB.S considers these
values as well as fiuoresconce responses in the
intermediate steps of the 0-J-I-P transient
(STRASSER, SRIVASTAVA, and GONVINDGEE, 1995;
STRASSER, SRTVASTAVA, and T.SMILI.I-MICHAEL,
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Figure 8. (A) The molar N:P ratio of the live leaves and (Bl
the belowground fraction (roots plus rhizomesl of the fertil-
ized treatments and the control group sampled in eariy Sep-
tember 2002. Ratios are means ± SE. i* p < 0.05; SE =
standard error of the mean.)

2000). Other researchers have reported that Fv/F^
is not sensitive to sublethal stress in LS. patens
(BuRKi':, HAMERLVNCH, and HAHN, 2002; MEN-
DELSSOHN, Mc:Kf:E, and K(JN(:, 2001}.

Under elevated N, it appears that S. patens al-
locates C and energy to increasing aboveground
biomass at tbe expense of belowground biomass.
One strategy that S. patens might use to acquire
sufficient P to increase pbotosyntbetic perfor-
mance under bigh N conditions is to stimulate en-
domycorrhizal colonization in its existing roots, in
contrast with the strategy of increasing root bio-
mass to mine for more P. The observation of the
significant inverse relationship of endomycorrhizal
colonization with belowground biomass combined
with the trend of increased aboveground:below-
ground biomass ratios in the +N treatments (two-
way ANOVA, p = 0.07) infers that this strategy

may have been employed by some plants. Further-
more, VALIELA, TEAL, and PERSSON, (1976) re-
ported depressed root growtb by S. patens under
elevated nutrients; however, they did not examine
the roots for endomycorrhizal colonization.

Percent P in the leaves of the controls was about
twice that found in tbe beiowground fraction, sug-
gesting translocation of P from the roots to the
leaves during tbe growing season (POMKROY et al.,
1969; REIMOLD, 1972). Molar N:P ratios were gen-
erally low (~7) in the leaves, suggesting P storage
and N limitation IKOERSELMAN and MEULEMAN,
1996). On the other band, the belowground frac-
tion of the controls bad bigh molar N:P ratios (20
± 4), suggesting P-limitation, possibly because of
the translocation of P from the roots to the leaves.
Under high N conditions, the P stored in tbe leaves
could be used to enhance photosynthesis. This
mechanism might explain, in part, the depressed
%P in the leaves and the increased molar N:P ratio
in the +N group as compared with the control
group. However, increased N storage in the leaves
under high N conditions would also increase the
molar N:P ratio. The increased N storage in tbe
leaves of the N-treated plots was also evident in
the standing dead leaves (i.e., the %N), which sug-
gests that the +N treatments would have more
labile litter that could fuel remineralization pro-
cesses in the sediment.

Increasing aboveground biomass under higb N
conditions migbt promote the release of labile or-
ganic exudates by roots, perhaps mediated by en-
domycorrhizae in S. patens, wbich fuel the pro-
cesses of N fixation (BURKE, 2001; BURKE, HAM-
KRLYNCK, and HAHN, 2002; SUNDARESHWAR et
al, 2003) and denitrification (SHERR and PAYNE,
1978). By log transforming the aboveground data
presented bere and the denitrification data previ-
ously reported for this same fertilization experi-
ment (WIGAND et al, 2004), we observed a signif-
icant relationship between denitrification enzyme
activity (DEA) and the aboveground biomass (r =
0.66, p = 0.007). Significantly greater DEA was
measured in the +N treatments, and there was no
detectable P effect on DEA (WIGAND et al. 2004).

Under elevated P conditions, the molar N:P ra-
tios in the shoots were significantly reduced rela-
tive to the controls, suggesting N limitation. Al-
though not statistically significant, we observed an
inhibitory effect of P on plant photosynthetic per-
formance as measured by reduced PÎ EIS 'P - 0.09)
and slow (QB)-reducing reaction centers (p — 0.06).
However, we did not detect a significant P effect
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Table 5. Excess nutrient sequestration in plant tissues and potential losses due to deiiitrificatioit activity in the fertilized
treatments, (na - not applicable.)

Fertilized TreatmentH

+N + P

g N/m /̂y
+N +P

S. patens sequestra-
tion

Potential denitrifica-
tion losses

Aboveground nutri-
ent sequestered

Belowground nutri-
ent sequestered

Total nutrients se-
questered

Control total nutrient
sequestered

Excess total nutri-
ents sequestered

DEA in N-fertilized
plots*

Control DEA
Excess DEA

10.6

90.1

100.7

61.6

39.1

8.1

2.5
5.6

3.3

12.7

16.1

8.7

7.3

na

na
na

11.8

63.8

75.6

61.6

14.0

17.3

2.5
14.8

2.7

8.6

11.3

8.7

2.6

oa

na
na

* DEA = denitrification enzyme activity and was first reported in WIGAND et al., 2004.

on the above- or belowground biomass of S. patens
because of high variability among plots within
treatment groups.

The molar C:N ratios (43-591 of the live S. pat-
ens leaves reported in our study are sligbtly great-
er than the range of 37-41 reported by VALIELA

(1995). At the protected research reserve in the
present study, the r̂N in tbe leaves was generally
low in all of the plots {0.9-1.2^/c I, which might ac-

count for the generally high C:N ratios. In con-
trast, in leaves of S. patens collected tbrougbout
Narragansett Bay in ^ 10 marsbes, not including
the present site) in May and June 1999, the VcN
ranged from 1.7% to 3.0%, with higb N percent-
ages in shoots at marsh sites with high watershed
nitrogen loads (Wigand, unpublished data). In tbe
present study, standing dead leaves had greater
molar C:N ratios than did live leaves or the below-

Table 6. Estimation of tlie added inorganic N that is either sequestered in tke plants or potentially lost to denitrificatinn activity,
(na = not applicable.)

Treatments

+ N + P

g N/m /̂y F/ni-/y
+N

g N/mVy
+ P

Annual nutrient addition
Excess nutrient sequestered in

S. patens (plant sink)
Excess DEA*
Total plant and denitrification

sink
Difference of planl sink from

nutrient addition
Difference of total sink from

nutrient addition
Percentage sequestered by S.

patens
Percentage unaccounted for by

plant sink
Percentage nutrient unaccount-

ed for by total sink

32.0

39.1
5.6

44.7

-7 .1

-12.7

>100

0

0

3.2

7.3
na

7.3

-4.1

-4.1

>100

0

0

32.0

14.0
14.8

28.8

18.0

3.2

43.8

56.3

9.9

3-2

2.6
na

2.6

0.6

0.6

81.7

18.3

18.3

DEA - denitrification enzyme activity; see Table 5.
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ground fraction. The higher molar C:N ratio of the
standing dead leaves may be attributed to a num-
ber of causes, including tbe translocation of N to
the roots or leaching of N to the water during se-
nescence, decomposition processes, or grazing of
the dead leaves by snails and crabs (CuRRlN,
NEWELL, and PAKRL, 1995; HOFKINSON and
S(;HL:BAUKH, 1984; NEWELL, FALLON, and MILL-
KR, 1989; WHITE and HOWES, 1994). One expla-
nation for the lower molar C:P ratios in the live
leaves compared with the standing dead leaves
and belowground fraction might be the P pumping
mechanism proposed for leaves of Sparlina (PoM-
EROY et ai, 1969; REIMOLD, 1972). Phosphorus
might be pumped from the roots and stored in the
leaves, resulting in a high C:P ratio in the roots
but a lower ratio in the leaves. Furthermore, dur-
ing leaf senescence, P might be released from the
leaves to the overlying water, resulting in a high
C:P ratio in the standing dead leaves. In addition,
decomposition and grazing of the standing dead
leaves might also release P, resulting in a high C:
P ratio (PoMEROYe/ ai, 1969).

To place in perspective the magnitude of the an-
nual N dose (32 g N/m-/y) added in the present
experiment, we related it to the estimate of the
natural actively cycling N pools (34-35 g N/m-/y)
reported for a Massachusetts salt marsh (WHITE
and HowKS, 1994) and the annual N uptake hy
roots of iS. alterniflora (35 g N/m-̂ /y) reported for a
Georgia marsh (HOPKINSON and SCHUBAUER,
1984). If the magnitude of the N pools in this
Rhode Island salt marsh is similar to the Massa-
chusetts and Georgia marshes, N additions in the
present study may have nearly doubled the avail-
ahle N for plant assimilation. Plants (above- and
belowground biomass) sequestered 44-100'^ of the
added inorganic dissolved N (Table 6). Part of the
unaccounted N may have been lost to denitrifica-
tion processes. The potential denitrification values
at this site (Tahles 5 and 6) are within the range
of denitrification rates reported for other coastal
salt marsh systems (WHITE and HOWES, 1994).
Assays of denitrifier biomass are a good index of
denitrification potential because they integrate
multiple factors that influence denitrification ac-
tivity (GuoKFMAN, 1987, 1994). Accounting for po-
tential denitrification losses (WIGAND et al., 2004),
it appears that 90-100% of the added dissolved in-
organic N could be sequestered and/or transformed
by this S. patens marsh (Table 6).

For the +N+P treatment, the plants alone have
the potential to sequester all of the added nutri-

ents (Tahle 6). It appears that greater N seques-
tration occurred in the +N-HP-treated plants than
can be accounted for by only the added nutrients
in the experiment. It is possible that the +N+P
additions stimulated decomposition processes of
organic matter and peat in the sediments that pro-
vided additional N that could further enrich the
plant tissues (MoKRis and BRADLEY, 19991. For
the +N group, potential denitrification and plant
sequestration in excess of control levels can ac-
count for about 90'7f of the added N. The remaining
10*̂  of the added N is unaccounted for and might
be attributed to burial of N in the sediments or
export of N from the system {e.g., foliar teaching,
leaf export, and tidal exchange). In the +P group,
about 82"̂  of the added P could potentially be se-
questered in the plant tissues and 18'7f of the P is
unaccounted for. In this same Prudence Island fer-
tilization experiment, J. CAFFRKY (personal com-
munication! measured a significantly higher flux
of dissolved inorganic P from the P-treated plots.
Additionally, some of the missing P could be ac-
counted for by P burial in the sediment, foliar
leaching, leaf export, and tidal exchange (POME-
ROYet al, 19691.

CHALMERS (1979) attributed <h^/f of the loss of
added organic N to sequestration in the above-
ground S. alterniflora tissue and --50% to sedi-
ment uptake, which would include roots and rhi-
zomes. Therefore, the marsh sequestration rates of
CHALMB:RS (1979) are in the same range as esti-
mated in the present study. Furthermore, Chal-
mers suggested that as much as 44'7( of organic
sewage added to the marsh might be flushed by
tides and that very little loss could be attributed
to denitrification because of sewage inhibition of
this process at the site (SHERR and PAYNE, 1981).
In the present study, we added dissolved inorganic
nutrients and conducted the experiment in the
high marsh, which is less flushed by the tides than
the low marsh. WHITE and HOWKS (1994} sug-
gested that adding dissolved inorganic N in con-
trast with organic N (e.̂ ., sewage) would allow for
quick and almost complete short-term uptake or
transformation of N hy the plant-sediment sys-
tem, including losses due to high denitriflcation
rates.

The results of our study suggest that the addition
of dissolved inorganic N increases S. patens photo-
synthetic performance and aboveground biomass.
Although only observed as a trend in this study be-
cause of high variability among plots in treatment
groups, dissolved inorganic P additions are likely to
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inhibit S. patens photosynthetic performance. It ap-
j)ears that limiting nutrients ie.g., N, P, labile C)
drive many of the observed relationships in the S.
pafens-microbe-sediment system, causing some in-
terdependent relationships and other competitive
ones. While this study suggests that some S. patens
marshes have the potential to sequester and/or
transform a large percentage of dissolved inorganic
nutrient loads, it is unclear how long-term nutrient
overenrichment and the resulting changes in the S.
paieas-microhe-sediment system might alter this
buffering capacity.
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